The heat capacities of a rhyolite and an andesite glass and liquid have been investigated from relativeenthalpy measurements made between 400 and 1800 K. For the glass phases, the experimental data agree with empirical models of calculation of the heat capacity. For the liquid phases, the agreement is less good owing to strong interactions between alkali metals and aluminum, which are not currently accounted for by empirical heat capacity models. The viscosity of both liquids has been measured from the glass transition to 1800 K. The temperature dependence of the viscosity is quantitatively related to the configurational heat capacity (determined calorimetrically) through the configurational entropy theory of relaxation processes. For both rhyolite and andesite melts, the heat capacity and viscosity do not differ markedly from those obtained by additive modeling from components with mineral compositions.
Introduction
It has long been acknowledged that igneous petrology relies on an adequate understanding of the composition and temperature dependences of the physical properties of silicate liquids (e.g., Bowen 1928) . More recently, the density and viscosity models set up by Weill (1970, 1972) have demonstrated how the properties of real, complex magmas could be predicted from measurements performed on a limited number of simple systems. Beginning with Carmichael et al. (1977) , systematic measurements have been made on geochemically relevant melts to extend the composition range of available physical data. Over wide temperature and composition domains, most properties have been found to vary in a way complex enough that empirical approaches are inappropriate to interpret the data.
The aim of this contribution is a first step in the extension to naturally occuring liquids of the experimental and theoretical methods we have developed reCorrespondence to: P. Riehet cently for the viscosity and heat capacity of simple synthetic compositions. For this purpose, we have made calorimetric and viscosity measurements on a rhyolite and an andesite melt from the glass transition to superliquidus temperatures. Even though there is a fair amount of data for naturally occuring liquids, they generally do not span the wide temperature intervals covered in our study. Previous measurements made by Bacon (1977) , Carmichael et al. (1977) and Murase and MeBirney (1973) are exceptions in this respect; hence, it is mainly with these observations that we will compare our results. For both andesite and rhyolite compositions, we also discuss the manner in which the heat capacity and the viscosity are related to those of their oxide or mineral components. Finally, we relate the thermodynamic and rheological properties of the melts through the configurational entropy theory of relaxation processes (Adam and Gibbs 1965; Richet 1984; Richet and Neuville 1992) , which provides a firm theoretical framework for consistent modeling of both kinds of melt properties.
The andesite and rhyolite are especially well suited for our purpose in view of the relative simplicity of their chemical compositions. Rhyolite compositions lie close to the ternary system SiOz-NaAISi30 8-KA1Si30 8, for which the properties of the end-members have been investigated previously (Taylor and Rindone 1970; Urbain et al. 1982; Richet et al. 1982; Richet and Bottinga 1984a) . Even though andesite compositions are slightly more complex, they can be expressed in terms of these and CaA12Si2Os, CaMgSi206, and FeSiO3 components. With the exception of FeSiO3, the thermochemical and rheological properties of these components are also known (Boekris and Lowe 1954; Cukierman and Uhlmann 1973; Urbain et al. 1982; Riehet and Bottinga 1984b, Neuville and Richet 1991) .
Experimental methods
The rhyolite and andesite samples are the materials previously investigated in a fiber-elongation study of silicate melt nonnewtonian rheology (Webb and Dingwell 1990a) . The rhyolite was prepared from a natural obsidian from Little Glass Butte (Oregon), which had an originally low water content of less than 0.2 wt.% as determined from Karl Fischer titration analyses. The andesite specimen was a synthetic sample. As described in detail by Webb and Dingwell (1990a) , these materials were melted in Pt-alloy crucibles for a few days at high temperatures and stirred to obtain the bubble-free products required for the viscosity measurements. The amorphous nature of the quenched materials was checked through optical microscopy, X-ray diffractometry and transmission electron microscopy. Both andesite and rhyolite materials were found to be chemically homogeneous glassy phases before the calorimetry and viscosity measurements.
Electron microprobe analyses of the products (made in Bayreuth) are reported in Table 1 . They agree with the analysis of rhyolite (made at CALTECH) and the nominal composition of andesite given by Webb and Dingwell (1990a) . Numerous analyses were made to check possible differences in the alkali content of rhyolite. Within the uncertainties of the probe analyses, no significant differences have been found. Table 1 includes the molar masses, calculated from the molar fractions determined from the analyzed chemical compositions, as well as the number of atoms per formula unit which constitutes a useful framework for comparing the thermodynamic properties of related liquids.
We also determined the water content of the rhyolite material. With the calibration of Newman et al. (1986) , infrared absorption measurements gave amounts of 6 and 5 ( ___ 2) ppm for the samples A and B of the high-viscosity measurements, respectively. For sample B, this number was confirmed by a vacuum fusion extraction which yielded a water content of 7 ppm, along with 4 ppm of CO 2" These low results conform to the volatile contents we have measured previously for a variety of silicate melts heated in air above 1800 K (unpublished results from the Paris laboratory).
The relative-enthalpy measurements (H r -H273,15 ) have been made with the ice calorimeters and the two different high-temperature setups described by Richet et al. (1982 working between 900 and 1800 K, and 400 and 1100 K, respectively. (Note that hereafter, we will abbreviate 273.15 as 273 K.) Measurements on sapphire indicate that the imprecision and inaccuracy of the measured enthalpies are usually less than 0.05 and 0.2%, respectively. The instrumental inaccuracy of the derived heat capacities is less than 0.5%. By taking into account uncertainties in the chemical compositions, errors of less than 1% are estimated for the reported molar heat capacities. About 5 g of material were run in PtRh 15% crucibles, the two 1.5-ram openings of which were rather tightly closed with crimped platinum foil, leaving less than 0.5 cm 3 of air in contact with the samples. The crucibles were heated in air and, to limit further possible changes in FeZ+/Fe 3+ ratio, the heating Richet and Bottinga (1984a) indicate cooling rates of a few K/s through the glass transition in our experiments. Viscosity measurements on stable liquids were performed in air with the concentric cylinder viscometer described by Dingwell (1989) . Measurements on supercooled liquids were also made in air, with a fiber-elongation method, as described by Webb and Dingwell (1990b) , and with the creep apparatus described by Neuville and Richet (1991) . Within the range of stresses applied in the creep experiments, the viscosity of the samples was found to be Newtonian. Measurements were made with increasing or decreasing temperatures and no time dependence was observed during hour-long measurements. The reported values are thus relaxed viscosities, and their uncertainties are less than 0.02, 0.1 and 0.04 log units, respectively, for the three techniques. For the creep measurements on rhyolite, sample A was the same specimen as used in the dropcalorimetry and fiber-elongation experiments. Sample B was a specimen from another batch, whereas samples A1 and B2 were the same as A and B, respectively, but with a 360 h annealing at 1070 K in air prior to the viscosity measurements.
Calorimetry

Results
The relative-enthalpy measurements are listed in Table 2 . Runs are labelled in chronological order for each series of experiments. Observations made with the lower-temperature setup are indicated by the suffix B. Along with previous data, our results are also plotted in Figs. 1-2 in the form of mean heat capacities:
The slight temperature dependence of mean heat capacities permit illustration of the calorimetric data on an (1977) and Carmichael et al. (1977) for other rhyolite and andesite compositions. In both cases, the model of Richet (1987) was used to calculate H30o -H273 in order to refer these data to the same reference temperature of 273 K as in our measurements. As discussed later, the heat capacity of silicates above room temperature is of the order of the Dulong-and-Petit limit of 3R/9 atom, where R is the gas constant. This is the reason why heat capacities and enthalpies are properties depending primarily on the number of atoms of the formula unit. Since extensive thermodynamic properties can be expressed in a variety of ways for rock compositions, we have plotted the calorimetric data on a 9 atom basis in Figs. 1-2 from the numerical results reported on a gfw basis in Tables 2 and 3 Table 2 (errors smaller than the solid squares) and data for compositions no. 5 of Bacon (1977) and no. 66 of Carmichael et al. (1977) . The glass transition temperatures are indicated by the arrows. The solid curves are values given by the fitted data of Table 3 , whereas the dashed curve is a visual fit to the Berkeley data Table 2 and data for compositions no. 2 of Bacon (t977) and no. 114 of Carmichael et al. (1977) . Same comments as in Fig. 1 caption included in Table 1 . In this way, differences in numbers of atoms per gfw between related compositions are automatically accounted for, and the differences between our results and those of Bacon (1977) and Carmichael et al. (1977) are smaller than when all data sets are compared on a J/g or J/gfw basis. The main feature of Figs. 1-2 is the change in the slope of the Cm curves found at temperatures of about 1100 and 1000 K for the rhyolite and andesite compositions, respectively. This is the signature of the marked heat capacity discontinuity at the glass to liquid transition. For each composition, two different enthalpy equations for the glass and liquid phases have thus to be fitted to the enthalpy data. We used empirical equations of the form:
These equations were differentiated to yield the heat capacities of the glasses and liquids:
which are plotted as a function of temperature in Figs. 3-4.
For the glasses, the constant R273 of Eq. (2) is determined by the a, b, c and d parameters through the constraint HT -H273 = 0 for T = 273 K, whereas it is an adjustable parameter for liquids whose enthalpy equation does not extrapolate to 0 at 273 K. The parameters of Eqs. (2-3) are listed in Table 3 , along with the average absolute deviations of the fitted values from the measurements of Table 2 . The glass transition temperatures listed in Table 4 were taken as the temperatures at which the enthalpy equations of the liquids intersect those of the glasses. It is observed that the C v increases at the glass transition vary sympathetically with decreasing SiO 2 contents (e.g., Richet and Bottinga 1984a, b) . The sharper glass transition observed for andesite with respect to rhyolite melt conforms to this trend. Richet (1987) and Richet and Bottinga (1985) for the glass and liquid, respectively, and the dashed curve the sum of the heat capacities of the molten mineral components taken as SiO 2 (0.39 tool) NaA1Si30 s (0. 
Heat capacity of glasses
Below the glass transition, our results are consistent with those of Bacon ( Figs. 1-2 ). The differences of about 1% or less are within the combined errors of the measurements. This good agreement between Bacon's data and our results shows that minor composition differences such as variations in ferrous-ferric ratios do not have significant effects on the heat capacity of rhyolite and andesite glasses. By referring Cp to g atom amounts, one could use the data of Table 3 as a basis for predicting the heat capacity of related compositions. A more general approach should be used, however, through available models of calculation of the heat capacity of silicate glasses from partial molar heat capacities of oxide components. As shown in Figs. 3-4 , the values predicted by the model of Ricfiet (1987) agree to within 1-1.5% with the values given by the data of Table 3 . Similar results are obtained for the heat capacity with the model of Stebbins et al. (1984) , but this model is valid only for temperatures higher than 400 K and it cannot be used for calculating relative enthalpies down to room temperature.
Heat capacity of liquids
Materials and calorimetric equipment were apparently the same in the investigations of Bacon (1977) and Carmichael et al. (1977) , which were both performed in Berkeley on the same base samples. The main difference dealt with the oxidation state of iron, which was mainly ferrous in the former and ferric in the latter study. The consistency of the results from these studies would suggest that the effect of oxidation on the heat capacity is slight and cannot account for the differences shown in Figs. 1-2 between our results and the Berkeley measurements, which reach about 3% at 1800 K for the relative enthalpies of both rhyolite and andesite melts. However, such an effect could be partly concealed by the unreported "small temperature-dependent correction" applied by Carmichael et al. (1977) to their measurements on stable liquids to join smoothly with their measurements made at lower temperatures. The glass transition temperature (at constant cooling rate) is found to depend very sensitively on impurity content for SiO 2-rich aluminosilicates, whereas no strong effects on the heat capacity of the liquid are observed (see Richet and Bottinga 1984a) . Because the heat capacity of a liquid is higher than that of a glass, measured relative enthalpies for liquids are higher for samples with lower glass transition temperatures. For two samples of a given material undergoing the glass transition at different temperatures T01 and To2, this enthalpy difference is:
where ACp is the heat capacity difference between the liquid and glass. The glass transition is not precisely defined by the data of Bacon (1977) and Carmichael et al. (1977) , but inspection of the data plotted in Figs. 1-2 suggest that it took place at temperatures about 100 K lower than for our rhyolite and andesite samples. With Eq. (4), the resulting enthalpy differences are calculated as 0.46 and 1.8 kJ/gfw for rhyolite and andesite liquid, respectively. Hence, part of the discrepancy between our results and those of Bacon (1977) and Carmichael et al. (1977) likely results this effect, but the composition dependence of the glass transition is unfortunately not well enough known to allow T o predictions. On the other hand, comparisons between our data and those of Bacon for sapphire suggest that the Berkeley results become too high with increasing temperatures, by about 1-2% at the highest temperatures. Likewise, similar differences between these laboratories have also been reported for other liquids (e.g., CaAI 2 Si 2 O 8, Stebbins et al. 1982; Richet and Bottinga 1984b) . The rest of the discrepancy thus probably originates in systematic differences in the measurements.
At the highest experimental temperatures, the heat capacities of rhyolite and andesite liquids are similar (Figs. 3 4) . In contrast to andesite melts, rhyolite liquids have strongly temperature dependent heat capacities. As a result, the heat capacity of liquid rhyolite is smaller than that of andesite at lower temperatures, and so is the Cp increase at the glass transition. Stebbins et al. (1984) and Lange and Navrotsky (1992) have set up empirical models for predicting the heat capacity of stable silicate liquids from partial molar heat capacities of oxide components that are temperature and composition independent. Comparison of the values calculated from these models with the experimental data of Figs. 3-4 shows fair agreement at the highest temperatures. Of course, these models cannot account for the experimentally observed temperature dependence of the heat capacity. For instance, they overestimate the heat capacity of supercooled rhyolite liquid at 1200 K by 6 and 10%, respectively. This is worrisome because accurate data are especially needed at subliquidus temperatures for phase equilibria calculations.
That Cp is generally temperature dependent for aluminosilicate liquids was emphasized in the heat capacity model of Richet and Bottinga (1985) . But the measurements available at that time did not allow correct modeling of Cp as a function of composition, and Richet and Bottinga added an approximate average value for A12 O 3 to a set of partial molar heat capacities for oxides in Al-free liquids. Because the temperature dependence of Cp is greater for alkali than for alkaline-earth aluminosilicates, the deviations of the model values from the experimental data differ for andesite and rhyolite. For andesite, the calculated values are 1% too high at 1800 K and 4% too low at 1200 K. For rhyolite, they are 1 and 4% too high at 1800 K and 1200 K, respectively. Additional measurements are thus required in order to derive a nonideal heat capacity model based on oxide components which will be really satisfactory from the glass transition to magmatic temperatures.
The significant composition dependence of the heat capacity of silicate melts is embodied in available measurements for simple compositions. As a matter of fact, molten alkali feldspar and plagioclases have heat capacities that are similar to those of rhyolite and andesite liquids, respectively (Richet and Bottinga 1984a, b) . This suggests that a simpler and currently more accurate way of calculating the heat capacity of these liquids would consist of summing up appropriately values for components having mineral compositions. With available data Richet and Bottinga 1984a, b) and calculated values for MgSiO3 and FeSiO3 (Richet and Bottinga 1985) , one obtains the values shown in Figs. 3-4 which agree better with the measurements even though the discrepancy is still slightly higher than the experimental errors for rhyolite melt. This is another evidence for the complex behavior of alkali-aluminosilicate liquids with respect to heat capacity.
Configurational heat capacity
For both rhyolite and andesite compositions, the glass transition takes place when the heat capacity of the glasses is close to the Dulong-and-Petit harmonic limit of 3R/g atom. In this respect, they behave as all other silicate glasses investigated so far (e.g., Richet and Bottinga 1986 ). For silicate liquids, the configurational heat capacity can be approximated by the difference between the heat capacity of the liquid and that of the glass at the glass transition temperature (Richet et al. 1986 ):
Cp ~ = Cpl-Cpg(rg). Cpt and the horizontal line plotted for 3R. Just above the glass transition, the configurational heat capacity of rhyolite and andesite melts is about 5 and 17% of the glass Cv, respectively (Table 4) , and it is the strong increase with temperature of C v for liquid rhyolite which brings its CCOnf to a value similar to that of andesite liquid. In this P respect, liquid rhyolite behaves like SiO2, NaA1Si308 and KA1Si308 liquids, which all show only slight heat capacity increases at the glass transition (e.g., Richet and Bottinga 1984a) . Likewise, the Cp increase of liquid andesite is intermediate between the small values found for SiO2 and NaA1Si308 and the much greater numbers observed for CaA12 Si2 O 8 and pyroxene components (Richer and Bottinga 1984b) . These trends conform to the structural changes reported for these systems (e.g., Mysen 1988) .
Viscosity
Andesite
The viscosity measurements are listed in Table 5 . The low-temperature measurements were made with the creep apparatus only. Different samples gave the same results, but it was observed that the viscosity was increasing with time in a very long experiment (Fig. 5) . Electron-microscopy observations showed that the initially homogeneous material had developed tiny opaque globules about 100 A Regnard et al. (1981) in oxidized obsidians. The volume fraction of the inclusions is negligible and their growth cannot account for the increase in viscosity with time (Lejeune and Richet 1991) . It is likely that these variations result from progressive oxidation of ferric to ferrous iron in the bulk of the liquid during the measurements, of which magnetite crystallization is just a consequence. This would agree with the observations of Klein et al. (1983) on iron-bearing aluminosilicates who demonstrated that the viscosity increases as a melt becomes more oxidized.
Rhyolite
For rhyolite, four different samples have been investigated with the creep apparatus whereas only one specimen was studied with the fiber-elongation method. These measurements are listed in Table 6 . No time dependence analogous to that shown in Fig. 5 was observed during the measurements of the viscosity of the various samples, which lasted a total of five to ten hours for a given sample. The results have the usual precision for a given sample, but the comparison of Fig. 6 shows a range of 0.5 log units spanned by the viscosities of the various samples. A difference of about 0.25 log units has been found previously for CaMgSi20 6 between the data of Webb and Dingwell (1990b) and those of Neuville and Richet (1991) . Most of the difference of about 0.4 log units found between the fiber-elongation and creep measurements for the as-quen-577 ched samples A and D (Table 6 ) thus likely originates in the different experimental techniques. However, it remains to explain the difference of 0.3 log units between samples A and B, and for the 0.3 log units increase in viscosity observed for these samples after a 360 h annealing in air at 1070 K. The scatter in the data of Fig. 6 translates to temperature differences of less than 40 K. It is well known that the viscosity of molten SiOz and alkali feldspar compositions vary very strongly with minor composition differences (e.g., Leko 1979) . In the same way, addition of 1 wt.% H20 has been found to reduce the viscosity of an initially anhydrous obsidian by two orders of magnitude (Shaw 1963) . As noted, however, no significant differences in chemical composition could be detected by electron microprobe analyses, and the same very low water content was found for samples A and B. Hence, we cannot state which difference in impurity content is responsible for the difference between samples A and B. As to the influence of annealing, we surmise that 104IT (K -1) Fig. 6 . Low-temperature viscosity of liquid rhyolite. The labels refer to the various samples investigated by creep (A, B, A1 and B1) and by fiber-elongation (D) measurements (see Table 6 ) partial oxidation of iron during the annealing could account for the viscosity increase even though the iron content of rhyolite is small. (In this respect, relaxation problems can be ruled out because all viscosities would converge at the highest temperatures investigated, instead of following the subparallel curves of Fig. 6 ).
Temperature dependence of the viscosity
The high-and low-viscosity measurements listed in Tables 5-6 are plotted in Figs. 7 8 as a function of reciprocal temperature, along with data for simple related liquids when available over the same wide viscosity ranges. Overall, these measurements are beset to some extent by changes in the Fe 2 +/Fe 3 + ratio, which generally increases with temperature at constant oxygen fugacity. Empirical redox models (e.g., Kress and Carmichael 1988) indicate that both of our rhyolite and andesite liquids have about the same amounts of Fe 2 + and Fe 3 + at around 1800 K and suggest that at equilibrium our samples would have only a few percent total ferrous iron at the glass transition temperature. The slow rate at which the viscosity was increasing with time ( Fig. 5) shows, however, that the measurements reported in Tables 5 6 represent data at essentially constant Fe 2 +/Fe 3 + ratios, i.e., those frozen-in during the initial quench of the products. At higher temperatures, the redox kinetics is fast enough that the viscosity data unlikely refer to constant compositions. But the effect on the viscosity should be small in view of the relatively small amounts of iron in andesite and especially rhyolite, combined to the influence of the oxygen fugacity of the viscosity of Fe-rich melts at high temperatures which is a matter of 0.5 log units only (e.g., Dingwell and Virgo 1987) . Over the temperature interval investigated, the viscosity of andesite clearly shows a non-Arrhenian nature, i.e., the viscosity does not vary linearly as a function of reciprocal temperature. For rhyolite, this non-Arrhenian behavior is much less pronounced and probably blurred by the scatter in the low-temperature measurements and the entropy of mixing effect discussed below. Empirically, these Table 5 . BW, model calculations of Bottinga and Weill (1972) ; MMB, Murase and McBirney (1973) ; Ab, NaA1Si30 s (Taylor and Rindone 1970', Urbain et al. 1982) ; An, CaAI2Si20 8 (Cukierman and Uhlmann 1973) ; Di, CaMgSi20 6 (Urbain et al. 1982; Neuville and Richet 1991) Table 6 , sample A. C, Carron (1969) ; K.al, Klein et al. (1983) ; MMB, Murase and McBirney (1973) ; Ab. same as in Fig. 7 ; SiO 2, and Or KAISi30 s (Urbain et al. 1982) variations with temperature can be accounted for with the Tammann-Vogel-Fulcher equation: log~l=A+BAT Ta),
where A, B and T1 are adjustable parameters listed in Table 7 . Coefficients of the viscosity equations (6) The temperature Tj3 is arbitrarily chosen as the temperature at which the viscosity is 10 ~3 poise, as given by Eq. (6); m% is the standard deviation of the fitted viscosities in log units; SC~ is the configurational entropy at the calorimetric glass transition temperature; other data reported in K, J, and g atom Table 7 . For the sake of consistency between the calorimetry and viscosity measurements, the parameters of Table 7 were obtained for rhyolite from the low-temperature data of Table 6 for sample A only, which were combined with the high-temperature results.
For viscosity measurements, a glass transition temperature T13 may be arbitrarily defined as the temperature at which the viscosity is 1013 poise, i.e., 1038 and 959 K for rhyolite and andesite, respectively, from the parameters of Eq. (6). These temperatures are 87 and 54 K lower than the calorimetric temperatures of Table 4 which refer to the fast quench rates of the drop calorimetry measurements.
As expected, this difference shows that the relaxation times derived from a Maxwell relaxation for a viscosity of 1013 poise are longer than those at the calorimetric glass transition. At these calorimetric glass transition temperatures, the enthalpy relaxation times should be the same, whereas the viscosity of our andesite and rhyolite samples are 1011.5 and 1010.9 poises, respectively, which is close or within the range 1011.7_+ 0.5 poise delineated by previous measurements reviewed by Neuville and Richet (1991) for other silicate compositions.
has been frozen in at the glass transition. For some simple compositions, this entropy can be determined by calorimetric methods from measurements which include that of the entropy of fusion of the crystalline form of the material (e.g., Richet 1984) . For compositions like andesite and rhyolite, this is not possible and s~176 becomes a third adjustable parameter in Eqs. (7 8).
The parameters of Eqs. (7-8) listed in Table 7 were obtained from the same viscosity data used to determine the empirical parameters of Eq. (6). From Eqs. (7-8), it is clear that deviations from Arrhenian behavior (e.g., Be/S c~ = constant) increases with the magnitude of CCOnf This is the reason for the much stronger deviations p -from Arrhenian variations observed for andesite with respect to rhyolite melt. For rhyolite, a strong correlation exists between the inferred s c~ and the parameter Be because of the quasi-Arrhenian variation of the viscosity. Calculations with a range of entropy values showed, however, that a lower bound could be safely obtained for sc~ below which the viscosity data could not be reproduced to within their error margins. This value has been reported in Table 7 .
Configurational Entropy
The difference between the viscosity of andesite and rhyolite liquids is readily accounted for through the configurational entropy theory of relaxation processes (Adam and Gibbs 1965; Richer 1984) . The basic idea is that viscous flow takes place through a cooperative rearrangement of the configuration of a liquid. A liquid with a zero configurational entropy would have an infinite viscosity since only one configuration would be available. In contrast, when the configurational entropy (S c~ increases, the structural rearrangements needed for viscous flow can take place in smaller and smaller regions of the liquid: the viscosity thus decreases when the temperature increases. Quantitatively, one predicts for the viscosity: log 17 = A e + Be/TS ~~
where Ae is a pre-exponential term and Be is the Gibbs free energy hindering the structural rearrangement in the liquid. The temperature dependence of the configurational entropy is given by:
Tr
If one takes the calorimetric glass transition temperature T o as the reference temperature in Eq. (7), then S~176 represents the residual entropy of the glass at 0 K which
Discussion
Our thermochemical measurements confirm that the heat capacity and relative enthalpy of silicate glasses can be accurately estimated with empirical coefficients for oxide components which are additive functions of composition. The situation is less satisfactory for liquids because of the strong interaction between alkali elements and aluminum, which results in complicated temperature and composition dependences of the heat capacity. Available models of prediction of C; give results that are correct for alkalipoor aluminosilicate melts only. At this moment, these problems can be partly obviated either by assuming additivity of the heat capacity of mineral components, or by using the present results on rhyolite and andesite liquids as master curves from which the properties of other compositions can be obtained on a g atom basis. But more measurements on simple systems are required to establish a general model of prediction of the heat capacity of melts of geochemical interest. Determining the relative enthalpy between the melt at magmatic temperature and the glass at room temperature requires, in addition, specification of the temperature at which the glass transition takes place. Of course, the glass transition temperature depends on the cooling rate, but this effect is probably minor for SiO2-rich compositions with respect to the influence of composition which is not predictable yet.
Since the glass transition temperature scales closely with the viscosity, understanding the way the glass transition depends on composition is tantamount to understanding the composition dependence of the viscosity near the glass transition range. At high temperatures, the main features of these variations are generally accounted for by the empirical model of Bottinga and Weill (1972) . For our andesite sample, for instance, this model predicts viscosities one order of magnitude higher than the measurements of Table 5 (Fig. 7) . But this model does not extend to temperatures lower than 1500 K and melts with more than 80 tool% SiOz. In fact, available data show that the composition dependence is the strongest at high viscosities (see Fig. 1 of Richet 1984, for example) . This is also apparent in Figs. 7-8 where we have plotted data available over wide viscosity ranges for melts with compositions not too different from those of our andesite and rhyolite samples. The difference between the andesite data of Murase and MacBirney (1973) and ours is slight at low viscosity and becomes significant at viscosities higher than 10 5 poise. Likewise, most of the rhyolite data plotted in Fig. 8 converge at high temperatures after having spanned four orders of magnitude near the glass transition. All these data thus illustrate how misleading can be lowtemperature extrapolations of high-temperature data.
The configurational entropy theory is successful at accounting for both the temperature and composition dependence of the viscosity for simple systems (e.g., Richet 1984; Hummel and Arndt 1985; Neuville and Richet 1991) . But the data available at high viscosities are not yet sufficient to establish the general, comprehensive viscosity model required for geochemical purposes. As a zerothorder approximation, it is thus useful to consider how the viscosity of a molten rock is related to those of components less simple than oxides such as the normative mineral compositions (Figs. 7-8 ). For both our rhyolite and andesite compositions, SiO 2 is a normative component, but it is clear that the viscosity of pure SiO 2 is irrelevant for accounting for that of molten rocks because of its exceptionally high value. Of course, network-modifier cations have a tremendous depressing effect on the viscosity of SiO 2, and this is the reason why the viscosity of rhyolite and andesite does not differ greatly in spite of the significantly different SiO 2 contents of these melts. In contrast to the viscosity, the heat capacity is rather insensitive to the size of the constituting silicate units of the melt. Thus, the influence of the SiO 2 content of a melt is quite different for transport and thermodynamic properties.
The data plotted in Figs. 7 and 8 show that the hightemperature viscosities of rhyolite and andesite liquids fall within the range of those of their other mineral components. Of course, there are different ways these complex compositions can be recast in terms of a subset of arbitrary mineral components, excluding SiO2. Regardless of this choice, it is clear that the high-temperature data can be approximated by appropriately making a weighted sum of the viscosities of these components. Such a model would not work at low temperatures, however, because the viscosity of these molten rocks is considerably lower than those of the end-members. This effect is similar to that described for simple systems whereby the entropy of mixing of substituting cations contributes so heavily to the total configurational entropy of mixed melts that these liquids have low-temperature viscosities several orders of magnitude lower than those of the end-members (e.g., Richet 1984; Richet and Bottinga 1984b; Neuville and Richet 1991) . As a matter of fact, (Na, K) mixing is the likely reason why the viscosity of rhyolite becomes much lower than that of NaA1Si 30 8 liquid at low temperatures, also reducing the deviations from Arrhenian variations.
Finally, it is well known that water is a component of rhyolite melts which can exert a profound influence on their theological properties at a few weight percent level (Shaw 1963) . Its influence on the thermodynamic properties is largely unknown and discussion of this role is beyond the scope of this work since we do not present any new data relevant to this problem. We will just emphasize that kbar pressures are needed to keep significant water solubilities, with the result that the calorimetric measurements possible at this moment (e.g., Clemens and Navrotsky 1987) do not have the accuracy required for heat capacity modeling.
